Previous studies have demonstrated that some components of the leukocyte cell membrane, CR3 (Mac-1, CD11b/CD18) and p150/95, are able to bind to denatured proteins. Thus, it is of interest to know which effector functions of these cells can be triggered by these receptors when they interact with particles or surfaces covered with denatured proteins. In the present study we analyzed their possible role as mediators of phagocytosis of red cells covered with denatured bovine serum albumin (BSA) by mouse peritoneal macrophages. We observed that a) macrophages are able to recognize (bind to) these red cells, b) this interaction can be inhibited by denatured BSA in the fluid phase, c) there is no phagocytosis of these particles by normal macrophages, d) phagocytosis mediated by denatured BSA can be, however, effectively triggered in inflammatory macrophages induced by glycogen or in macrophages activated in vivo with LPS, and e) this phagocytic capacity is strongly dependent on the activity of tyrosine protein kinases in its signal transduction pathway, as demonstrated by using three kinds of enzyme inhibitors (genistein, quercetin and herbimycin A).
Introduction
Phagocytosis is usually defined as the uptake by cells of particles visible under the light microscope (<~0.5 µm) and their internalization into vacuoles -a process that requires structural modifications of the cytoskeleton, including actin polymerization (1) (2) (3) . In mammals the chief phagocytes are polymorphonuclear leukocytes, monocytes and macrophages. The first phase of the process is the recognition of the particle by the cell, which is a physicochemical interaction between components of the cell membrane and the particle, leading to attachment of the particle, and is followed by the internalization phase. Several receptors have been identified in macrophages that mediate binding and ingestion of particles. The interaction between the cells and their targets may occur directly with components of the particle surface (non-opsonic phagocytosis) or may be mediated by opsonins (antibodies, complement components, etc.) supplied by the host (opsonin-dependent phagocytosis) in which immunological receptors are in-volved, such as Fcg for IgG, and CR3 and CR1 for complement components (4) .
Integrins are another group of proteins present in cell membranes that have been shown to mediate some physiological functions of phagocytes (macrophages and polymorphonuclear leukocytes) and could also play a role in pathological conditions (5) (6) (7) (8) .
It has been observed that activated monocytes and neutrophils are able to adhere to substrates (surfaces) coated with denatured proteins through interactions mediated by Mac-1 and p150/95 ß 2 integrins (9) . This interaction may be the first step for some effector functions of these cells.
In the present study we investigated the capacity of mouse peritoneal macrophages (normal or activated) to interact (recognize) and phagocytize sheep red cells covered with denatured bovine serum albumin (BSA). Red cells are used as a convenient particle for this kind of experiment and represent a model for other particles that could bind to macrophages through this type of interaction. We also analyzed the possible participation of tyrosine protein kinases in the signal transduction pathway of the phagocytic process under these conditions by using specific enzyme inhibitors.
Material and Methods

Reagents and media
Dithiothreitol, iodoacetamide, BSA, genistein, quercetin and herbimycin A were obtained from Sigma (St. Louis, MO, USA), dimethylsulfoxide (DMSO) was from Merck (Darmstadt, Germany), and Escherichia coli lipopolysaccharide W (LPS) was from Difco Laboratories (Detroit, MI, USA). All other reagents were of analytical grade. Phosphatebuffered saline (PBS) containing 0.9% NaCl and 0.007 M sodium phosphate, pH 7.2, was used. Hanks medium was prepared as described in Ref. 10 .
Animals and cells
BALB-c mice, 30-35 g body weight, were used as a source of peritoneal macrophages; the cells were harvested with 3 ml Hanks medium. Macrophages from the inflammatory exudate induced by glycogen were obtained as follows: mice received a daily ip injection of a 0.1% glycogen solution (1 ml) and 4 h after the 3rd injection leukocytes were harvested from the peritoneal cavity. Macrophages activated by LPS were obtained 4 days after one ip injection of 50 µg LPS in 0.2 ml PBS. Normal macrophages were the cells obtained from mice that received no treatment. Sheep red cells were obtained from a local animal center in Alsevers medium.
Denaturation of bovine serum albumin
BSA was denatured as described in Ref. 9 . The protein solution at 10 mg/ml in 8 M urea, 50 mM Tris-HCl, pH 8.0, was reduced with dithiothreitol for 2 h at 25ºC, and then alkylated with 60 mM iodoacetamide for 2 h at 25ºC in the dark. The mixture was dialyzed extensively against saline and frozen at -20ºC.
Procedure for covering sheep red cells with native and denatured BSA
In preliminary experiments several methods for binding BSA to red cells were tested in order to find a procedure that would not alter the red cell surface and thus promote the binding of erythrocytes to macrophages independently of the presence of native or denatured BSA on its surface. We found that the method described by Poston (11) , with some small modifications, was suitable for our experiments. A stock solution of 2.25 M CrCl 3 .6H 2 O in water was diluted 400 times with saline and left at room temperature for 40 min (this delay is necessary before addition to red cells, or agglutination might oc-cur). Solutions and red cells were added to a test tube in the following order: 0.6 ml of 20 mM PIPES buffer, pH 6.5, 0.1 ml of the protein solution at 10 mg/ml, 0.1 ml of packed red cells, and 0.1 ml of the CrCl 3 solution. The mixture was then carefully shaken and left at room temperature for 5 min. The reaction was then interrupted by washing the red cell suspension three times with saline by centrifugation at 700 g for 7 min and the red cells were finally resuspended at 0.4% (v/v) in Hanks medium for the phagocytosis assays. We determined that native and denatured BSA were attached to red cells by hemagglutination tests with rabbit antibodies prepared against native and denatured BSA.
Phagocytosis experiments
The phagocytosis assays with macrophages were performed as described in Ref. 12 . Briefly, mouse macrophages recently harvested from the peritoneal cavity with 3 ml of Hanks medium were layered onto glass coverslips and allowed to attach for 10 min at room temperature; then, after washing with Hanks solution, the cell monolayers were incubated in plastic chambers in the same medium containing the red cell suspensions of E-BSA (red cells covered with native BSA) or E-BSAd (red cells covered with denatured BSA) at a concentration of 8 x 10 4 red cells/µl. After incubation at 37ºC in an air saturated with water vapor for 30 min, the attached and ingested red cells were differentiated by hypotonic shock treatment (five times diluted PBS, 45 s) which lysed only the attached red cells. After cell fixation with glutaraldehyde and staining with Giemsa, the results were quantified by microscopic observation; at least 200 macrophages were counted in each determination. In the experiments with macrophages stimulated with glycogen or activated with LPS, the glass-adherent cells contain some polymorphonuclear leukocytes and lymphocytes besides macrophages; the cells were identified for quantification on the basis of conventional morphologic criteria (13) .
Results
In order to assess the capacity of macrophages to bind to red cells covered with denatured BSA, which we have indicated as percent interaction (Figure 1 ), we measured a) the percentage of macrophages with three or more red cells (total of rosettes), b) six or more red cells (percent rosettes with great interaction), and c) the red cell/macrophage ratio, including all the macrophages in the microscopic fields. In these experiments we made no distinction between the red cells which were simply attached and those ingested (all of them had obviously interacted with the phagocyte). We observed that normal macrophages residing in the peritoneal cavity without any stimulation can bind very effectively to red cells covered with denatured BSA (a negligible interaction was observed with native BSA). The same result was observed with macrophages stimulated in vivo with glycogen or activated with LPS (in the latter, there was also a small interaction with the native protein).
Experiments of competition for macrophage binding between denatured BSA in the fluid phase and E-BSAd were performed to verify whether red cell attachment to phagocytes was mediated by the protein covering the erythrocyte (Table 1) . Nearly full inhibition of interaction was observed with denatured BSA in the fluid phase and the native protein also caused some inhibition (around 50%).
The experiments illustrated in Figure 2 show that only the macrophages stimulated in vivo with glycogen or activated with LPS were able to phagocytize red cells by interaction with denatured BSA (a small degree of phagocytosis by macrophages activated with LPS was also observed with red cells covered with native BSA). Figure 3 is an illus-
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Discussion
We have shown that mouse peritoneal macrophages can recognize (bind to) red cells covered with denatured BSA. With normal macrophages the particles are able only to attach to the phagocyte membrane, but the engulfment phase is not triggered by these means; however, macrophages from the inflammatory exudate induced in vivo by glycogen or activated by LPS can effectively phagocytize these particles. There is evidence that the recognition of denatured proteins by human monocytes and neutrophils is mediated by ß 2 integrins of the cell membrane, which have been identified as CR3 (Mac-1, CD11b/CD18) and p150/95 (9). These receptors belong to a family of leukocyte adhesion molecules that are heterodimeric proteins sharing a common ß subunit, but distinct a subunits (17) . The cellular distribution of murine CR3 was found to be similar to the human one (18) . It is thus reasonable to assume that CR3 and/or p150/95 are involved in the recognition of red cells covered with denatured BSA. Our experiments showing that denatured BSA in the fluid phase is able to almost fully inhibit the binding of E-BSAd to macrophages provide evidence that denatured BSA is mediating the interaction between the phagocyte and the particle. Some degree of inhibition was also obtained with the native BSA in the fluid phase. Similarity of structure may possibly account for this effect, which also agrees with the observation that native BSA can promote some adherence of monocytes to surfaces, although to a lesser extent than the denatured protein (9) .
The interaction of iC3b and denatured BSA with CR3 receptors is similar in one respect: iC3b is a fragment of C3 and could, thus, expose amino acid sequences normally not exposed in C3; this is analogous to what one could expect with denatured BSA. It is known that members of the integrin family recognize the tripeptide amino acid sequence Figure 1 . Interaction between red cells covered with native (E-BSA) and denatured bovine serum albumin (E-BSAd) and normal macrophages, from the inflammatory exudate induced by glycogen, and activated by LPS. Suspensions of E-BSA or E-BSAd were incubated with macrophage monolayers for 30 min at 37ºC, and the interaction was quantified as follows: percentage of macrophages with three or more red cells (open bars), macrophages with six or more red cells (hatched bars), and red cell/macrophage ratio including all macrophages (gray bars). Results are reported as means ± SD (N = 4, cells from different animals). In the three groups (normal, glycogen and LPS) the differences in red cell/macrophage ratio between E-BSAd and E-BSA were significant (*P<0.05, t-test).
tration of the phagocytic capacity of macrophages from the inflammatory exudate produced by glycogen.
In the experiments presented in Table 2 we analyzed the possible dependence of the phagocytic capacity of activated macrophages on the activity of tyrosine protein kinases -a group of enzymes participating in many cellular processes of signal transduction -using three inhibitors of these enzymes, genistein, quercetin and herbimycin A, at the concentrations usually employed for this purpose in some cells, including macrophages (14) (15) (16) . It is evident that the triggering of phagocytosis of E-BSAd is dependent on tyrosine protein kinase activity since marked or practically full inhibition of phagocytosis was obtained with the three enzyme inhibitors.
% Interaction
Red Arg-Gly-Asp (RGD), and iC3b contains such a sequence; however, CR3 must recognize another sequence within the iC3b molecule since a mutated form of iC3b that lacked the RGD triplet was also able to bind to recombinant CR3 (19) . BSA does not contain the RGD sequence (20) and therefore the CR3 or p150/95 receptors must recognize another site in the denatured molecule. Although the capacity of these two types of receptors to bind to reduced and alkylated BSA has been established by experiments of affinity chromatography (9), the mechanism of the interaction remains to be investigated. One may also suppose that a hydrophobic region of the denatured protein could be responsible for the binding independently of any specific amino acid sequence. Also, we cannot exclude the possibility that the alkyl groups (acetamide) introduced at the sulfhydryl groups of the reduced protein may participate in the interaction. The inhibition of phagocytosis of E-BSAd by tyrosine protein kinase inhibitors (genistein, quercetin and herbimycin A) indicates that these enzymes are involved in the signal transduction pathway of the engulfment phase triggered by CR3 or p150/95, or both, in inflammatory and activated macrophages; this same dependence was observed in phagocytosis mediated by Fcg receptors using genistein as the enzyme inhibitor (16) . We have also confirmed this finding in phagocytosis experiments of red cells covered with IgG antibodies employing the same three enzyme inhibitors used in our experiments with E-BSAd. We observed practically full inhibition of phagocytosis (expressed as red cell/macrophage ratio) with genistein and quercetin (96 ± 2 and 100 ± 0%, respectively, N = 3) and a marked inhibition with herbimycin A (61 ± 4%, N = 4). We should keep in mind, however, that these drugs can possibly have other effects on cells besides inhibition of tyrosine protein kinases; for example, quercetin was shown to inhibit also serine/threonine protein kinases (15) . There are indications that genistein could be the most specific one (21) and therefore it is advisable to use more than one such inhibitor, as done here. There is, thus, the same dependence on the activity of tyrosine protein kinases in phagocytosis mediated by The fact that some kind of particles can bind to phagocytes but the interaction does not trigger the mechanism of internalization has been long known. Thus, red cells interacting through iC3b bind very effectively to mouse macrophages and polymorphonuclear leukocytes but remain on the cell surface; when IgG (Fcg receptors) are involved in the interaction the engulfment phase is triggered (22, 23) . However, when macrophages are activated, the interaction mediated by iC3b (CR3 receptors) leads to phagocytosis (12, 24) . This situation is analogous to that observed here for the interaction mediated by denatured BSA. The mechanism whereby CR3 receptors become able to trigger phagocytosis in inflammatory or activated macrophages is not clear. Some observations suggest a requirement of receptor clustering (25) but there are also indications that the mechanism may depend on the phosphorylation of serine residues in the ß subunit of the receptor (26) .
The presence of denatured proteins at a tissue site may be a signal for macrophages to adhere and accumulate at that site. However, effector functions such as phagocytosis require additional signals for activation to enable the cells to perform this function, which physiologically means triggering their destructive powers. The possibility of this control is another example related to the different roles of normal and inflammatory or activated macrophages. Normal macrophages attached to glass coverslips were preincubated for 15 min at 37ºC with Hanks' medium, BSAd or BSA, dissolved in Hanks' medium at a concentration of 10 mg/ml. Red cells and macrophages were then incubated for 30 min at 37ºC and the interaction was quantified by determining percent rosettes (percent macrophages with three or more red cells) and red cell/macrophage ratio (the ratio between the number of red cells taken up and the number of macrophages counted). Results are reported as means ± SD (N = 4, cells from different animals).
these two types of receptors. If different receptors can trigger phagocytosis it is reasonable to suppose that there should be convergent biochemical pathways leading to the final reaction of polymerization of G-actin to F-actin which is an essential component for engulfment (2, 3) . The activation of tyrosine protein kinases could represent one of the points of convergence, although possibly different sets of enzymes and protein phosphorylations might be in- Macrophages activated in vivo with LPS were preincubated at 37ºC for 10 min with tyrosine kinase inhibitors. Phagocytosis assays were performed in the presence of the inhibitors. Results are reported as percent inhibition relative to the control for each cell preparation (paired experiments), and calculated as follows: percent inhibition = 100 x (control -test)/control. Data are reported as means ± SD of 3 to 4 experiments (different animals).
